This paper describes the modification of a laminar flow, thermally diffusive universalfluid condensation particle counter (standard operation: 50% detection efficiency at 5 nm) to rapidly measure the size distribution of sub 3 nm aerosol. Sub 3 nm detection was achieved by using diethylene glycol as the working fluid, which enabled high instrument super-saturations while minimizing homogenous nucleation of the working fluid; a detection efficiency of 50% was achieved at 1.6 nm with laboratory-generated ammonium sulfate aerosol. Rapid aerosol sizing beneath 3 nm was achieved by inverting the measured grown droplet size distribution (1 second sampling) to recover the sampled aerosol size distribution. The developed inversion algorithm utilizes analytical kernel BNL-207861-2018-JAAM functions determined from the instrument response to pseudo-monodisperse ammonium sulfate aerosol from 1.5 nm to 20 nm, generated by a high resolution DMA and a nano DMA. The inversion algorithm was tested numerically with assumed, idealized aerosol size distributions consistent with observed new particle formation events, yielding reasonable agreement between inverted and assumed aerosol size distributions below 3 nm. This technique provides a measure of the aerosol size assuming an aerosol composition identical to that of the aerosol used to generate the experimentally determined kernel function.
INTRODUCTION
Atmospheric particle nucleation is an important environmental nano-scale process, with field measurements and modeling studies indicating that freshly nucleated particles can contribute significantly to the global population of aerosol and cloud condensation nuclei (Kerminen et al. 2005; Kuang et al. 2009; Lihavainen et al. 2003; Spracklen et al. 2008 ).
Butanol-based ultrafine condensation particle counters (CPCs) have traditionally been used to detect nanoparticles with diameters down to about 3 nm (Stolzenburg and McMurry 1991) . However, detailed understanding of atmospheric nucleation and its influence on climate requires aerosol measurements below 3 nm, in order to gain processlevel understanding of the formation of new aerosol around 1 nm from gaseous precursors. Recent advances in the development of CPCs have enabled the detection of gas-phase single molecules and molecular clusters down to 1 nanometer diameter and below through the use of new working fluids and varying operating conditions (Iida et al. 2009 ; Kuang et al. 2012a; Sipilä et al. 2009; Vanhanen et al. 2011; Wimmer et al. 2013 ).
This new capability has enabled the direct measurement of aerosol nucleation from tracegas precursors in both laboratory experiments (Kirkby et al. 2011 ) and the ambient environment (Chen et al. 2012; Jiang et al. 2011b; Kuang et al. 2012b) , providing information necessary to understand and constrain the nucleation mechanism. While there have been an increasing number of atmospheric cluster measurements from surfacebased platforms, there have been very few measurements of the vertically-resolved ambient cluster size distribution from aerial platforms, which are needed to connect atmospheric nucleation with large-scale boundary layer transport processes. To address this measurement need, a universal-fluid (UF) CPC manufactured by Palas has been adapted to rapidly measure (~ 1 Hz sampling time resolution) the atmospheric cluster size distribution (< 3 nm) through inversion of the size distribution of the grown droplets detected inside the UF-CPC optical sensor. This measurement technique has been developed previously using butanol-based CPCs (Dick et al. 2000; Saros et al. 1996; Sipilä et al. 2009; Weber et al. 1998) , and this work further advances the technique by using diethylene glycol as the working fluid, which has seen widespread use in commercial 1 nm CPCs (Kuang et al. 2012a; Vanhanen et al. 2011) . This aerosol sizing technique is based on the observation that, in an aerosol size range that is typically in the cut-off region of the CPC size-dependent detection efficiency curve, the size of the grown droplet detected in the CPC optical sensor increases as the size of the aerosol sampled into the CPC increases. This monotonic relationship between sampled aerosol size and grown droplet size is due to the shape of the super-saturation profile that sampled aerosol are exposed to as they traverse the CPC condenser and are activated for growth . Consequently, the relationship between sampled aerosol size and grown droplet size will be strongly affected by variables that affect aerosol activation, including aerosol composition. The resulting measure of aerosol size that this technique provides is sensitive to aerosol composition and can be thought of more as an "activation" size. This is in contrast to other aerosol sizing techniques in the 1 -3 nm size range which are not sensitive to aerosol composition, such as electrical mobility-based sizing used in air ion spectrometers (Mirme and Mirme 2013) and high resolution differential mobility analyzers (de la Mora and Kozlowski 2013). This work presents: laboratory characterizations of the instrument particle detection efficiencies and grown droplet size distributions for size-resolved calibration aerosol, development of the inversion algorithm to invert droplet size distributions to recover the sampled aerosol size distribution, and numerical testing of the inversion algorithm with assumed, idealized aerosol size distributions consistent with observed new particle formation.
EXPERIMENTAL METHODS

Instrument Description
The Palas UF-CPC is a laminar flow, thermally diffusive CPC in which the working fluid is continuously cycled within the saturator, and where an optical sensor with an LED white light source enables the monitoring of the grown droplet size distribution (Baltzer et al. 2014) . The white light source is essential for this work since it enables the generation of smooth, uni-modal droplet size distributions with distribution peaks that increase monotonically with increasing sampled aerosol size . In this work, the following reversible modifications were applied to the UF-CPC to enable aerosol detection below 3 nm and sizing of the resulting grown droplets: [1] the use of diethylene glycol (DEG) as the working fluid; [2] increasing the saturator temperature to 60°C (standard saturator temperature = 37°C) and decreasing the condenser temperature to 10°C (standard condenser temperature = 15°C); and [3] increasing the photo-detector gain. The standard operating flow-rate of 0.9 lpm was maintained. The use of diethylene glycol as a working fluid enables sub 2 nm aerosol detection due to its high surface tension and low vapor pressure (Iida et al. 2009; Vanhanen et al. 2011 ). The temperature difference between the saturator and condenser was adjusted to maximize the instrument super-saturation while minimizing the detection of droplets formed through the homogeneous nucleation of DEG. In commercial DEG-based CPCs, super-saturated vapor of DEG heterogeneously nucleates and condenses onto sampled aerosol, leading to the formation of DEG droplets (~ 100 nm in diameter) of a size that is below the detection limit of the optical photo-detectors in those particular commercial DEG CPCs (Iida et al. 2009; Vanhanen et al. 2011) . The relatively small size of the DEG droplets (compared to butanol droplets formed in a butanol CPC) results from the rather low vapor pressure of diethylene glycol (Iida et al. 2009 ). Consequently, a second, "booster" CPC is needed to complete the growth of the DEG droplets to an optically-detectable size. In this work, only one CPC is needed due in large part to the unique optical photo-detector of the Palas UF-CPC, where the detector gain can be increased so as to enable direct detection of the grown DEG droplets within the scattering volume of the UF-CPC optical sensor. Current, commercial DEG-based CPCs utilize fixed-gain detectors, which lead to the scattered light signal from the DEG droplets over-lapping with the electronic noise of the photo-detector. With the Palas-UF-CPC, the photo-detector gain was systematically increased until the scattered light signal from the DEG droplets were clearly discernible from the photo-detector noise. Instrument super-saturations in the DEG UF-CPC are comparable to those achieved in commercial DEG CPCs.
Instrument Characterization
The response of the DEG UF-CPC to particles of known size, charge, and composition was evaluated using a calibration system similar to those described in other studies of sub 3 nm CPCs (Hering et al. 2017; Jiang et al. 2011a; Kuang et al. 2012a) . Two methods for producing calibration aerosols were used in this study: [1] electrospray generation of molecular ion mobility standards (tetra-heptyl ammonium bromide ions) (Ude and De la Mora 2005); and [2] evaporation of atomized ammonium sulfate (AS) in a tube furnace followed by rapid vapor condensation (Scheibel 1983 ). All chemicals were purchased and used as received from Sigma Aldrich. The calibration aerosols were charged with a TSI soft x-ray neutralizer (Model 3088) and were mobility classified with a half-mini high resolution differential mobility analyzer (HRDMA) (de la Mora and Kozlowski 2013), producing true monodisperse molecular ion mobility standards and pseudomonodisperse AS aerosols. The monodisperse tetra-heptyl ammonium bromide (THABr) molecular ions have a mobility equivalent diameter of 1.47 nm and 1.78 nm for the monomer and the dimer, respectively (Ude and De la Mora 2005), and the pseudomonodisperse AS aerosol has a size uncertainty of ±0.03 nm at 1.47 nm (de la Mora and Kozlowski 2013). The detection efficiency at a given particle size was determined from the ratio of the particle concentration measured by the DEG UF-CPC to that measured by a TSI aerosol electrometer (Model 3068b). In order to increase the AS aerosol signal in the sub 3 nm size range, diffusional losses were minimized and the aerosol residence time within the tube furnace was optimized, resulting in concentrations of mobility-classified sub 3 nm AS aerosol in the range of 1000 to 10,000 particles/cm 3 .
RESULTS AND DISCUSSION
Detection Efficiency
The size-dependent detection efficiencies for positive and negative, singly-charged AS are presented in Figure 1 . The DEG UF-CPC has a 50 (size at which detection efficiency = 50%) at around 1.6 nm for negatively charged AS, which compares reasonably well with reported cut-sizes for commercial, DEG-based CPCs: TSI 3777 50 = 1.4 nm (Kuang et al. 2012a; Wimmer et al. 2013) ; Airmodus PSM 50 = 1.4 nm (Kangasluoma et al. 2014) . Detection efficiencies for the THABr monomer (1.47 nm) and dimer (1.78 nm) were determined to be 1.8% and 10.8%, respectively. The DEG UF-CPC displays a marked improvement over the normal UF-CPC which, running under standard operating conditions with butanol as the working fluid, has a 50% cut-size at 5 nm (Baltzer et al. 2014) . The relative uncertainty for each measurement of detection efficiency is less than 10%.
Figure 1
Droplet Size Distributions Figure 2a shows a set of measured droplet size distributions (instrument response functions normalized to the electrometer concentration) for negatively charged AS particles of selected sizes (1.5 nm, 3.0 nm, and 20 nm). The droplet size distributions are uni-modal, and skewed with a long tail -characteristics that provide guidance regarding appropriate analytical distribution functions for subsequent fitting. As the size of the sampled calibration AS aerosol increases from 1.5 nm to 20 nm, the resulting size of the grown DEG droplets also increases, as evidenced in Figure 2a by the shift of the droplet size distribution mode to larger channel numbers. This size-dependent droplet growth is attributed to the shape of the super-saturation profile inside the condenser (monotonically increasing with axial distance), which results in small aerosol having less time for condensational growth compared to large aerosol, since small aerosol are activated at a distance downstream of where large aerosol are activated for growth inside the instrument condenser (Weber et al. 1998 ).
The dispersity (width) of the measured droplet size distribution will be, in general, impacted by the dispersity of the sampled aerosol and the processes that contribute to non-uniform droplet growth within the CPC such as a non-uniform distribution of particle growth residence times and spatial heterogeneity in the condensing vapor concentration and super-saturation. To examine the extent to which sampled particle size dispersity would affect grown droplet size dispersity, the droplet size distribution dispersity of the THABr dimer (true monodisperse, 1.78 nm) was compared to the droplet size distribution dispersity of pseudo-monodisperse 1.78 nm AS. Droplet size distribution dispersities were comparable, suggesting that particle size dispersity had minimal impact on droplet size dispersity compared to other factors affecting droplet growth in the CPC. The dispersity of each the measured droplet size distribution was captured in the kernel function analytical fits. 
Data Inversion
The relationship between the sampled aerosol size distribution ( ) and the resulting grown droplet size distribution ( ) as measured by the optical sensor of DEG UF-CPC is defined by the relationship:
where ( ) is the distribution of droplet counts as a function of droplet size (where is the channel number of the optical detector and is proportional to the droplet size), and where ( , ) is the instrument response, or kernel function, which describes the probability that a sampled particle of size is activated and grown to a droplet with a size that is binned into channel . Kernel functions for inversion were obtained by fitting smooth, analytical distribution functions to the measured droplet size distribution obtained from the size-resolved AS calibration aerosol, a subset of which is shown in Figure 2b . Inversion of equation [1] to obtain a unique, physically meaningful solution of ( ) for a given measurement of ( ) is facilitated by using smooth, analytical fits to the measured kernel functions (Sipilä et al. 2009; Weber et al. 1998) . Analytical kernel functions were obtained by fitting the measured droplet size distributions with a generalized extreme value distribution of the form: , yielding best-fit values of the parameters 1 , 2 , and 3 , which are associated, respectively, with the peak, scale, and location of the measured droplet size distribution for a given sampled particle of diameter ; is a shape parameter that was set to 0.1 to capture the skewness of the measured droplet size distribution. In order to obtain their dependence on particle diameter, the resulting best-fit values of 1 , 2 , and 3 were then fit to functions of the following form:
Resulting best-fit values of , , , and for each parameter of 1 , 2 , and 3 are shown in Table 1 , and were used to generate the modeled kernel functions that form the basis of inverting the measured droplet size distribution to obtain the sampled aerosol size distribution according to equation [1] . Figure 3 shows the size-dependent best-fit values of 1 , 2 , and 3 , and the corresponding best-fit functions generated from values in Table 1 . The inversion algorithm employed in this work obtains solutions for the sampled aerosol distribution by using a package of MATLAB tools that utilize constrained regularization and generalized cross-validation (Hansen 2007) . Table 1 Figure 3
The inversion algorithm was tested numerically by first generating a number of bimodal, lognormal aerosol size distributions, each containing an Aitken and a nucleation mode with corresponding modal number concentrations, diameters, and standard deviations consistent with what is observed in the atmosphere during a new particle formation event (Kuang et al. 2010; Kulmala et al. 2004; Seinfeld and Pandis 2016) , an example of which is shown in Figure 4a . The idealized, "measured" aerosol size distribution in Figure 4a was then converted to a "measured" droplet size distribution according to equation [1] with the analytical kernel functions defined by equations [2], [3] , and parameters in Table   1 . Random noise, up to ±10% of the droplet size distribution ( ) at a particular channel i, was then added to the measured droplet size distribution, which is shown in Figure 4b .
The resulting "measured" droplet size distribution was then inverted according to the algorithm described earlier, yielding an inverted aerosol size distribution, which is shown in Figure 4c . The inverted aerosol size distribution agrees reasonably well with the assumed aerosol size distribution below 3 nm, and diverges at larger sizes -there is little sizing information at larger, sampled aerosol sizes since the resulting DEG droplets grow to essentially the same size.
Figure 4
Limitations Accurate inversion of atmospheric observations using this technique requires accurate kernel functions, which ideally would be determined from the sampled atmospheric aerosol, itself. This is necessary since the kernel functions are likely sensitive to aerosol composition, charge, and concentration, as well as other environmental parameters that would impact activation and condensational growth inside the CPC such as relative humidity and pressure .
The impact of aerosol composition on this sizing technique cannot be understated, as
evidenced by studies that demonstrate a strong dependence of aerosol activation on aerosol composition in DEG-based CPCs (Iida et al. 2009; Kuang et al. 2012a; Wimmer et al. 2013) . For a given size, an aerosol with a composition that activates well in a DEGbased CPC will grow to a larger droplet size due to activation at a lower super-saturation, which occurs early in the condenser resulting in a longer residence time for growth.
Conversely, an aerosol at the same with a composition that activates poorly will grow to a smaller droplet size due to activation at a higher super-saturation, which occurs late in the condenser resulting in a shorter residence time for growth. While this sensitivity of the droplet size distribution to aerosol composition complicates the measurement of ambient sub 3 nm clusters, it can be used as a powerful tool to provide insights into the composition of sub 3 nm clusters in laboratory and field studies (O'Dowd et al. 2002; O'Dowd et al. 2004 ).
Vapor depletion and its impact on shifting the droplet size distribution is a serious issue for pulse height sizing in CPCs. At high enough aerosol number concentrations, the droplet size distribution decreases in size due to a decreased amount of working fluid vapor available for condensation. The effect of vapor depletion on the droplet size distribution for the DEG UFCPC was examined by measuring the droplet size distributions for a range of concentrations at a number of fixed sizes. Within the concentration range of 2000 to 10,000 particles/cm 3 , the largest shift in the droplet size distribution was 1 channel number.
Accurate inversion would be facilitated by the constraints provided by complementary, independent measurements of the aerosol size distribution down to 3 nm. Operationally, long-term, continuous measurement with the DEG UF-CPC would require further instrument modifications to limit working fluid condensation within the optical sensor, and to limit water contamination of the DEG working fluid, which impacts the instrument detection efficiency (Iida et al. 2009 ).
Ambient Measurement
In spite of the limitations described earlier, this cluster sizing technique can be a powerful tool to measure the atmospheric cluster distribution (< 3 nm), particularly at low concentrations. Figure 5 presents measurements of the droplet size distribution where the DEG UF-CPC is sampling laboratory air mixed with ions generated by a TSI soft x-ray neutralizer (TSI Model 3088), and laboratory air mixed with vapor sampled from the headspace above solid menthol at room temperature. Figure 5a shows the clear presence sampling laboratory air mixed with sub-3 nm ions generated by a soft x-ray neutralizer.
b.) Droplet size distribution acquired when sampling laboratory air, and when sampling laboratory air mixed with vapor sampled from the headspace above solid menthol at room temperature.
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